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Abstract
Aim: To study the non-covalent interaction between glutathione and common
amino acids.  Methods: A stoichiometry of glutathione and common amino acids
were mixed to reach the equilibrium, and then the mixed solution was investigated
by electrospray ionization mass spectrometry (ESI–MS).  The binding of the com-
plexes was further examined by collision-induced dissociation (CID) in a tandem
mass spectrometer as well as UV spectroscopy.  To avoid distinct ionization effi-
ciency discrepancy and signal suppression in the ESI–MS measurements, the
interaction between glutathione (GSH) and glutamate (Glu) was quantitatively
evaluated.  The total concentrations and series of m/z of peak intensities for glu-
tathione and amino acids could be achieved, respectively.  Due to the existence of
some oligomeric species arising from glutathione or amino acids, an improved
calculation formula was proposed to calculate the dissociation constants of glu-
tathione binding to amino acids.  Results: The ESI mass spectra revealed that
glutathione could interact easily with Met, Phe, Tyr, Ser, or Ile to form non-cova-
lent complexes.  The binding of the complexes was further confirmed by CID
experiments in a tandem mass spectrometer as well as UV spectroscopy.  Moreover,
an improved calculation formula was successfully applied to determine the disso-
ciation constants of glutathione binding to Glu, His, or Gln.  Finally, a possible
formation mechanism for the complexes of glutathione with amino acids was
proposed.  Conclusion: The reduced polypeptide γ-glutathione can interact with
each of 8 common amino acids, including Glu, His, and Gln to form non-covalent
complexes with different affinity.
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Introduction
Recently, research on characterizing the non-covalent

complexes between small molecules and biomacromolecules,
such as proteins, polypeptides, and oligonucleotides[1-5] has
attracted much attention because of their potential applica-
tion in pharmacology.   As we know, in many cases, the
biological function of a protein depends on its non-covalent
interactions with other components existing in the living cell.
Investigating these non-covalent interactions will be ben-
eficial to unravel the mysteries of cellular function in health
and disease states[6-7].  Therefore, it is urgent for us to ex-
plore the non-covalent interactions between small molecules

and biomacromolecules.
Over the past decades, a variety of analytical techniques

have been applied to determine ligand bindings, including
spectrophotometry, fluorescence polarization, enzyme assay,
and electrospray ionization mass spectrometry (ESI–MS).
By virtue of its unrivaled speed, sensitivity, and low sample
consumption, ESI–MS has become a powerful tool to probe
the interactions of the protein hosts and the guests, includ-
ing inhibitors, cofactors, metal ions, and nucleic acids.
Furthermore, it can offer stoichiometric information of the
complex directly and identify multiple components
simultaneously, thus dramatic numbers of research articles
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have been reported[8-13].  For instance, Bligh et al[14] mea-
sured the dissociation constants of inhibitors non-covalently
binding to the Src homology 2 (Src SH2) domain through
non-linear regression curve fitting.  Additionally, by using
the sustained off-resonance irradiation collision-induced dis-
sociation  technique, Yu et al[15] continued their research on
characterizing non-covalent complexes of (2,6-di-O-methyl)-
β-cyclodextrin with active components from traditional Chi-
nese medicines, including 3 quercetin O-glycosides,
hyperoside, and rutin.

It is emphasized that the binding affinities of ligands to
proteins measured by ESI–MS apply principally for the gas
phase.  So far, whether the gas phase constants can repre-
sent those in the solution phase remains controversial.  Some
of the most critical issues are as follows.  First, in some cases,
the ions arising from non-specific interactions are kinetically
stable[16], as compared to the corresponding specific com-
plexes during desolvation and ionization.  Second, the ionic
interactions are strengthened and hydrophobic interactions
are destroyed when transferring in the gas phase[17].  Third,
the signal suppression may become apparent at high analyte
concentrations.  Despite all this, many studies have demon-
strated that the binding constants of macromolecular com-
plexes[18] acquired by ESI–MS in the gas phase are found to
correlate well to the measured affinity data derived from other
solution-based methods.

As one of the most ubiquitous and important small
biomolecules, glutathione (γ–glutamyl–cysteinyl–glycine) is
present in the cells of all organisms at millimolar concentrations
and possesses a multitude of physiological functions[19-22].
Reduced glutathione contains thiol (–SH), so it can be sim-
plified as GSH.  Glutathione is also one of the major cellular
safeguards, which can offer triple protection as a key antioxidant,
antitoxin, and cofactor.  With the aid of γ-glutamyl transpeptidase,
glutathione can actively transport the extracellular amino ac-
ids into cell through covalent binding in the Meister cycle[23].
Recently, the binding of phenylarsenic species to glutathione,
isotocin, and thioredoxin by ESI–MS was quantitatively evalu-
ated by Schmidt et al[24].  Their work prompted our renewed
interest in exploring the non-covalent interaction between glu-
tathione and other small molecular.  To our knowledge, in hu-
man blood, the concentrations of glutathione[25] and common
amino acids range from 1 to 3 mmol/L and from 1×10–2 to
1×10–6 mol/L, respectively, which makes it possible to form
the non-covalent complexes of glutathione with amino acids
in such circumstances.  However, the report on the non-
covalently binding of glutathione to common amino acids is
still deficient.

In this work, using the ESI–MS technique, we investi-
gated the interaction between glutathione and common amino
acids in the equilibrium system in vitro and characterized
their non-covalent complexes.  The binding of the complexes
was further examined by collision-induced dissociation in a
tandem mass spectrometer as well as UV spectroscopy.  To
avoid distinct ionization efficiency discrepancy and signal
suppression in the ESI–MS measurements, the interactions
between GSH and Glu were quantitatively evaluated.  Due to
the existence of some oligomeric species, an improved for-
mula was derived to calculate the dissociation constants of
the complexes.  Finally, a possible formation mechanism for
the complexes of glutathione with amino acids was discussed.

Materials and methods
Chemicals  Glutathione, purchased from Sigma (St Louis,

MO, USA), was used without further purification.  The com-
mon amino acids were obtained from Shanghai Bio-Basic
(Shanghai, China).  Methanol was obtained from Sino-Phar-
maceutical Chemical (Shanghai, China).  All chemicals were
dissolved in deionized water and prepared into 1.0×10–3 mol/L
stock solutions.

Instruments  A triple–quadrupole mass spectrometer
(API III, PE-Sciex, Concord, ON, Canada, m/z 2400) equipped
with a SP101i Syringe Pump (World Precision Instruments,
Sarasota, FL, USA) and a Sciex ionspray interface (Sciex,
Concord, ON, Canada) was used to generate multiply charged
ions by spraying the sample solution through a stainless
steel capillary.  The voltage on the sprayer was set at 4800 V
for positive ion production.  The mass scale of the spectrom-
eter was calibrated with polypropylene glycol.  Nitrogen was
used for nebulizer gas and curtain gas.

The CID experiments were performed on a hybrid ion
trap and time-of-flight mass spectrometer with NanoESI in-
terface (Shimadzu, Kyoto, Japan).  The positive ESI condi-
tions were as follows: high voltage probe, 1.5 kV; skimmer
voltage, 10 V; syringe pump flow, 200 nL/min; and ion source
temperature, 200 °C.  CID parameters were chosen: 50% for
CID energy and 50% for collision gas parameter.  Argon was
used for cooling and collision gas.  CID collision time was 30
ms.  Detector voltage of time-of-flight was 1.7 kV.  A solution
of CF3COONa was used as the standard sample to adjust
resolution and to perform mass number calibration.

UV spectroscopy was detected in a Shimadzu UV-2401
UV spectrophotometer (Japan) at room temperature.  The
concentration of the His, Phe, Trp, and GSH solutions used
in the spectroscopic measurements was the same as 0.1 mmol/L.
The concentration of the incubated (30 min at 21 °C) binary
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solution of His, Phe, or Trp, and GSH was also 0.1 mmol/L.
The scan range was 190–230 nm.

Procedures  For each system, a series of samples with
the constant concentration of glutathione and different con-
centrations of amino acids were mixed without adding acid
or base.  After mixing evenly, the mixture was then incubated
at a room temperature of 21 °C for 30 min to bring into the
state of equilibrium.  To increase the intensity of ion peak in
the mass spectra, 5% methanol was added before the ESI–
MS determination.  All samples were operated in positive
polarity mode.

Calculation formula  A previous study[24] demonstrated
that some factors, such as ionization efficiency and signal
suppression could strongly influence the accuracy of the
dissociation constants of complex in the ESI–MS
measurements.  Therefore, it is necessary to quantitatively
evaluate the ionization efficiency of free glutathione and free
amino acids by measuring concentration series of glutathione
and amino acids separately, and comparing the ion intensi-
ties obtained for same concentrations.

In these cases, 3 assumptions can be made.  First, no
change occurs when the mixture is transferred from the solu-
tion phase to the gas phase, and no dissociation reaction
occurred in the complexes.  Second, the measured peak in-
tensities of free glutathione, free ligand, the complexes, and
oligomers are directly proportional to their equilibrium con-
centrations in the solution.  Third, free glutathione, free
ligand, complexes, and oligomers share similar ionization
efficiency.

One-ligand system  According to the assumptions men-
tioned earlier, the calculation method of Kd is derived.  Due
to the presence of some non-specific oligomeric complexes
arising from glutathione or amino acids, the formula for dis-
sociation constants of complexes was obtained by improv-
ing the published formula[26].  The polypeptide glutathione
and common amino acid ligands are simplified as P and L in
our article , respectively.  For a system containing 1 kind of
amino acid binding to glutathione with one or many binding
sites, the dissociation constants are defined as:

PL1 P+L Kd,1

PL2 P+2 L Kd,2

PLn P+n L Kd,n

P2 P+P KP,1

P3 P+2 P KP,2

Pi +1 P+i P KP,i

L2 L+L KL,1

L3 L+2 L K L,2

Lj +1 L+ j L KL,j
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LPKd =                                                        (1)
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(P), (L), and (PLn) represent the equilibrium concentra-
tion of P (glutathione), L (ligand), and PLn (the complex of
glutathione with ligand), respectively, in which n represents
the number of binding sites.  In the following text, (Pi+1) and
(Lj+1) represent the equilibrium concentration of Pi+1 and Lj+1,
where i+1 and j+1 represent the monomer numbers of glu-
tathione and ligand, respectively.

We proposed that (P)0 is the total concentration of glu-
tathione in the solutions, which included glutathione, the
complexes of glutathione with ligands, and self-polymers of
glutathione: (P)0=(P)+(PL)+(PL2)+ ······ +(PLn)+2(P2)+3(P3)+
······ +(i+1) (Pi+1), where (L)0 is the total concentration of amino
acid ligands in the solutions, which included amino acid
ligands, the complexes of glutathione with ligands, and self-
polymers of ligands, (L)0=(L)+(PL)+2(PL2)+ ··· + n (PLn)+2
(L2) +3(L3)+ ··· +(j+1) (Lj+1).  Consequently, the relative abun-
dances obtained from mass spectral data are reflected in the
concentrations in the solution phase, Σ represented the rela-
tive ion intensity of different species: (P)0∝ total intensities
of ΣP, ΣPL1 · ··  ΣPLn, and 2ΣP2, 3ΣP3 ···  (i+1)ΣPi+1;
(L)0∝ total intensities of ΣL, ΣPL1, 2ΣPL2 ··· nΣPLn, and 2ΣL2,
3ΣL3 ··· (j+1)ΣLj+1; (PLn)∝ total intensities of ΣPLn.
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The intensities of P(ΣP), PL1 (ΣPL1) ··· PLn (ΣPLn), and P2

(ΣP2), P3(ΣP3), ···
Pi+1(ΣPi+1), and L(ΣL), L2(ΣL2), L3(ΣL3) ··· Lj+1 (ΣLj+1) are

easily determined by ESI–MS and the values of an (a1,a2,
···, an), bi (b1,b2 ··· bi), cj (c1,c2 ··· cj) can be calculated as
follows:

(PL1)=a1 (P)0         (13)

(PL2)=a2 (P)0         (14)

(PLn)=an (P)0         (15)

(P) = (P)0–([PL]+[PL2]+ ··· +[PLn]+2[P2]+3[P3]+ ··· +[i+1][Pi+1])

  =(P)0–(a1+a2+ ··· +an+2b1+3b2+ ··· +[i+1]bi) (P)0

        =(1–[a1+a2+ ··· +an+2b1+3b2+ ··· +[i+1]bi]) (P)0                                                                                                                                                                        (16)

       = )]1[1()(
1 1

0 ∑ ∑ +−−
n i

ibiaP

(L)=(L)0–([PL]+2[PL2]+ ··· +n[PLn]+2[L2]+3 [L3]+ ··· +[j+1][Lj+1])

       =(L)0–(a1+2a2+ ··· +n an) (P)0–(2c1+3c2+ ··· +[j+1]cj) (L)0                                                                                                                                           (17)

         = ∑∑ +−−
j

j

n

n cjLnaPL
1

0
1

00  1][ )()()(

1

)
1

]1[0][
1

0][0]([)
1

]1[
1

1(

1, a

j
jcjL

n
nnaPL

i
ibi

n
na

dK
∑ +−∑−⋅∑ +−∑−

=                                                                                (18)

2

2)
1

]1[0][
1

0][0]([)
1

]1[
1

1(

2, a

j
jcjL

n
nnaPL

i
ibi

n
na

dK
∑ +−∑−⋅∑ +−∑−

=                                                                     (19)

∑ ∑ ∑ ∑ ∑∑
∑

++++++++++
=

=

•••••• 1322

3

0

3
2

)1(322

)(
)(

jn LjLLPLnPLPLL

L

L
Lc

                                                       (11)

∑ ∑ ∑ ∑ ∑ ∑∑
∑

+

+

+

+++++++++
=

=

••••••
1322

1

0

1

)1(322

)(
)(

jn

j

j
j

LjLLPLnPLPLL

L

L
L

c

                                           (12)



764

 Acta Pharmacologica Sinica ISSN 1671-4083Dai ZY et al

According to equation 21, the Kd,m of PLm (1≤m≤n) can be

obtained for a system containing 1 kind of ligand.

Results

ESI mass spectra of several amino acids and glutathione

Glutathione is a tripeptide consisting of Glu, Cys, and Gly.

The molecular mass of glutathione is 307.3.  Ions of (P+H)+

for glutathione were in great abundance.  The peaks at m/z

308.3 and 615.2 represented those of (P+H)+ and (P-P+H)+

dimers, respectively (Figure 1).  The non-covalently-bound

glutathione dimer could be such a non-specific complex

formed during the ESI process.  It is noted that the non-

covalently-bound glutathione dimer was different from the

oxidized glutathione (GSSG), in which the thiol (–SH) group

was oxidized, resulting in the elimination of the hydrogen of

the thiol.  It is inferred that the non-covalently-bound GSH

dimer can still retain its reducing ability to deal with the oxi-

dation stress.  The ESI–MS for two 2 typical amino acids,

Phe and Tyr, were measured, and the prominent molecular

ion peaks at m/z 166.1 and 182.1 could be attributed to (Phe +

H)+ and (Tyr + H)+, respectively (Figure 2).  It can be con-

cluded that the single-charged state ions for the amino acids

could be produced easily in the ESI–MS.

ESI mass spectra for the complexes of glutathione with

Phe, Met, Tyr, Ser, and Ile ligands  The ESI mass spectra for

the complexes of glutathione with Phe, Met, Tyr, Ser, and Ile
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Put simply, in equation 20, Kd,n can be represented as a general equation:
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Figure 1.  The ESI mass spectra obtained from glutathione, inset

presents the zoom-scan of [P+H]+ ion at m/z 308.3.

Figure 2.  The ESI mass spectra obtained from two typical amino-

acids (A) and (B) represent Phe and Tyr, respectively.
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indicate that with the exception of amino acid, glutathione,
its complex with 1 ligand (PL), and dimer of glutathione or
Phe, the peaks for the complexes with 2 or more ligands have
not been identified (Figure 3).  For the glutathione and Phe
systems, the m/z of 473.2, 331.3, 615.1 were attributed to the
peaks for (P-L+H)+, (L-L+H)+, and (P-P+H)+, respectively
(Figure 3A).  It is recognized that in this system, the self-
aggregation reaction of glutathione and Phe could take place
practically, resulting in the formation of dimeric species.
However, such phenomena did not occur in the other 4
systems.  In contrast, the peaks of the m/z of 457.2, 413.2,
439.5, and 489.2 indicated the formation of the non-covalent
complexes of (P-Met+H)+, (P-Ser+H)+, (P-Ile+H)+ , and (P-
Tyr+H)+, respectively (Figure 3B–3E).

ESI mass spectra for the complexes of glutathione with
Glu, His, and Gln  The 3 amino acids, Gln, Glu, and His, are
representatives for neutral, acidic, and basic amino acids,
respectively (Figure 4).  The m/z of 454.2, 455.4, 463.6 were
attributed to the ion peaks for (P-Gln+H)+, (P-Glu+H)+, and
(P-His+H)+, which indicated that the non-covalent complexes
of GSH with Gln, Glu, or His could form in their mixed solu-
tions (Figure 4A–4C).  In addition, the monoprotonated
dimeric species, such as (Gln-Gln+H)+ and (Glu-Glu+H)+ also
appeared in m/z 295.3 and 297.5, respectively (Figure 4A,4B).
To further investigate the binding affinities of ligands to
glutathione, the dissociation constants of these complexes
were calculated in Tables 1-3.

Quantitative evaluation of interactions of glutathione
with Glu   The dependence of the ESI–MS signal intensity
for (M+H)+ of GSH (m/z 308.3), Glu (m/z 148.1), or His(m/z
156.2) on concentrations was examined (Figure 5).  The curve
of GSH exhibited a saturation characteristic, whereas those
of 2 amino acids rose up monotonously.  This was indicated
by increasing concentrations; His shared similar ionization
efficiency with Glu, whereas that of GSH was slightly lower.
The suppression effect was not apparent in case of the addi-
tion of GSH to Glu when the Glu concentration was lower
than 5.2×10–4 mol/L.  However, a minor signal suppression
began to emerge when the concentration of Glu extended to
5.2×10–4 mol/L.  Despite this problem, the decrease of signal
intensities for Glu at a fixed concentration of GSH (5.2×10–4

mol/L) was less than those for Glu at the same molarities of
GSH and Glu (Figure 5).

CID spectra of non-covalent complexes of glutathione
with His or Gln  To further validate the non-covalent bind-
ing of glutathione to amino acids, CID experiments on the
precursor ion (GSH+L+H)+ were performed, where L repre-
sented His or Gln (Figure 6).  The fragment ions at approxi-
mately m/z 156.2 and 308.2 arising from the precursor ion (m/z

463.2) were attributed to (M+H)+ for His and GSH, respec-
tively (Figure 6A).  The fragment ion (m/z 445.1) arising from
losing neutral H2O was also observed.  Similarly, for the pre-
cursor ion (m/z 454.2), the fragment ions of [M+H]+ for Gln
(m/z 147.2) and GSH (m/z 308.2) were also identified (Figure
6B).  Combining CID evidence with data from Figure 4, it can
be concluded that amino acids can interact with glutathione
to form non-covalent complexes.

UV spectroscopy  Recently, the configuration of arsen-
ite–glutathione complexes was determined by Han et al us-
ing electrochemical scanning tunneling microscopy  and
found the binding of glutathione to arsenite in solution could
also be confirmed by UV spectroscopy[27].  Moreover, the
molar extinction coefficients of common amino acids of UV
absorption at 214 nm have been also measured[28], and the
results indicated that His, Phe, and Trp were strong con-

Figure 3 .  The ESI mass spectra obtained from the mixture of
glutathione and each of Phe, Met, Ser, Ile, and Tyr.  The unit of concen-
tration is mol·L-1.  The [GSH]0 is at a fixed concentration of 1.0×10-4 in
five mixed solutions.  All the solvent compositions are 5 % methanol
aqueous solutions.  (A) [Phe]0=1.0×10-4, (B) [Met]0=2.8×10-4, (C)
[Ser]0=4.8×10-5, (D) [Ile]0=2.3×10-4, (E) [Tyr]0=2.1×10-4.
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tributors to the absorbance at 214 nm.
We determined the UV spectroscopy ranging from 190

to 230 nm for GSH, Phe, His, and Trp together with 3 incu-
bated GSH–amino acid binary solutions.  It was observed
that the absorption peaks of 211, 208, and 218nm for His,

Phe, and Trp were shifted to 213, 210, and 220 nm for His–
GSH,  Phe–GSH,  and Trp–GSH binary solutions,
respectively.  Particularly, an obvious 192 nm absorption
peak was observed in the Phe–GSH binary solution.  The
minor shifts of UV spectra validated the formation of the

Figure 4.  The ESI mass spectra obtained from the mixture of glutathione and each of Gln, Glu, and His.  The unit of concentration is mol·L-1.
The [GSH]0 is at a fixed concentration of 1.0×10-4 in three mixed solutions.  All the solvent compositions are 5% methanol aqueous solutions.
(A) [Gln]0= 2.3×10-4; (B) [Glu]0 =6.9×10-5; (C) [His]0=1.2×10-4, inset presents the zoom-scan of [P-Gln+H]+, [P-Glu+H]+, [P-His+H]+ ions at m/z
454.2, 455.4, and 463.6, respectively.
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GSH–His, Phe, or Trp complexes
Calculation of Kd for the complexes of glutathione with

Gln, Glu, and His ligands  According to the results of Figure
5, the concentration of either glutathione or amino acids cho-
sen for the dissociation constant measurements by ESI–MS

should be lower than 5.2×10–4 mol/L so that the distinct ion-
ization efficiency discrepancy and signal suppression effect
could be avoided.  Moreover, the fixed concentration of GSH
was chosen in the dissociation constants measurement below.

The relative abundances for all ion peaks were obtained

Table 1.  Kd of the complex of glutathione with Gln (Σ represents the relative ion intensity of different species).

       [P]0        [L]0  Σ L   Σ P Σ PL Σ P2 Σ L2    a1    b1     c1        Kd1

(10-4 mol·L-1) (10-4 mol·L-1) (10-2 mol·L-1)

5.20 1.97 63.7 100.0 1.0 2.0 4.0 0 .0095 0.0190 0.0550 1.70
5.20 3.94 100.0 90.0 2.0 4.5 10.0 0 .0198 0.0445 0.0820 1.92
5.20 4.93 100.1 53.7 1.1 2.3 12.0 0 .0185 0.0387 0.0958 1.89
5.20 5.91 100.0 45.0 1.2 2.1 10.0 0 .0238 0.0417 0.0825 1.80
5.20 7.88 100.0 26.0 1.0 1.3 12.0 0 .0338 0.0433 0.0954 1.82
Average 1.83
SD 0.08
RSD(%) 4.37

Table 2.  Kd of the complex of glutathione with Glu (Σ represents the relative ion intensity of different species).

        [P]0         [L]0  Σ L  Σ P Σ PL Σ P2 Σ L2    a1    b1    c1        Kd1

(10-4 mol·L-1) (10-4 mol·L-1) (10-2 mol·L-1)

4.84 3.00 60.2 100.2 1.0 5.0 1.3 0 .0094 0.0440 0.0203 2.70
4.84 3.80 63.1 99.8 1.2 4.2 1.2 0 .0114 0.0383 0.0180 2.88
4.84 4.72 90.2 100.0 1.7 3.3 1.9 0 .0161 0.0304 0.0198 2.53
4.84 5.00 100.2 70.1 1.2 6.2 3.8 0 .0155 0.0741 0.0349 2.47
4.84 5.20 100.2 90.2 1.5 5.1 1.8 0 .0155 0.0501 0.0171 2.82
average 2.68
SD 0.17
RSD(%) 6.34

Table 3.  Kd1 of the complex of glutathione with His (Σ represents the relative ion intensity of different species).

      [P]0        [L]0  Σ L  Σ P Σ PL Σ P2    a1    b1         Kd1

(10-4 mol·L-1) (10-5 mol·L-1) (10-3 mol·L-1)

5.21 2.23 61.5 100.6 1.00 4.20 0.0091 0.0364 2.78
5.21 3.45 100.5 95.1 1.12 4.80 0.0105 0.0453 2.46
5.21 5.13 100.3 72.1 1.23 4.81 0.0148 0.0580 2.56
5.21 7.58 100.2 43.1 1.06 4.45 0.0200 0.0839 2.65
5.21 12.2 100.7 36.7 1.50 6.70 0.0291 0.1290 2.63
5.21 41.2 100.6 23.0 2.96 2.31 0.0967 0.0755 2.81
Average 2.65
SD 0.132
RSD(%) 4.98
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from the mass spectra data.  According to equation 21, the
dissociation constants’ Kd values of the complexes of glu-
tathione with Gln, Glu, and His could be obtained by calcu-
lating the an, bi, and cj values (Tables 1–3).  For the com-
plexes of Gln, Glu, and His, the relative standard deviations
(RSD) of their dissociation constants were 4.37, 6.34, and
4.98, respectively, which were satisfying.  Because the His–
His dimer was not identified as Glu in ESI–MS, cj could be
omitted in the calculation (Table 3).  The Kd1 (1×10–2 mol/L)
for the complex of glutathione with Glu was larger than that
(1×10–3 mol/L) for the complex of glutathione with His, indi-
cating that the affinity between glutathione and Glu was
comparatively weaker (Tables 2, 3).

Curve fitting  For the system of 1 ligand interacting with
glutathione, the Kd,1 values can also be calculated approxi-
mately with the non-linear least squares regression method
according to equation 22 in the literature[14].  For convenience,
the products of self-polymer of P and L, such as P2, L2 are not
considered in this formula.  The curve fitting calculation for-
mula is written as:
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                                                                                             (22)

In equation 22 formula, y can be calculated from the in-
tensities of PLn+ and P n+ of equation 23.

∑∑
∑

++

+

+
=

nn

n

PLP

PL
y                                              (23)

In the process of curve fitting, (P)0 and (L)0 are chosen as
independent variables while y as dependent variables.  By
comparison, it can be seen that the Kd,1 values obtained from
curve fitting without considering oligomeric species were
slightly different from those obtained from our improved cal-
culation formula in this study (Table 4).  For instance, in the
case of the Gln complex with glutathione, the Kd,1 (2.05×10–2)
obtained from curve fitting was larger than that (1.83×10–2)
from our improved formula.  Therefore, it is recognized for
the complexes of 1 ligand binding to glutathione, the Kd,1

values calculated accurately from our improved formula
should be more reasonable to reflect the extent of complex
formation.

Figure 5.  Comparison of the ESI-MS signal intensities of [M+H]+ of
Glu without GSH in the sample solution and in the presence of GSH at
a molar ratio of 1:1 or at a fixed concentration of 5.20×10-4 mol·L-1.
Inset presents the dependence of the ESI-MS signal intensities for
[M+H]+ of Glu (m/z 148.1) and GSH (m/z 308.3) on concentrations in
aqueous solutions, respectively.  (cps represents counts per second).

Figure 6.  CID spectra on [GSH+L+H]+, L represents His or Gln.
The unit of concentration is mol·L-1.  The [GSH]0 is at a fixed con-
centration of 2.0×10-4 in the two mixed solutions.  All the solvent
compositions are 5% methanol aqueous solutions.  (A) [His]0=1.2×10-4,
(B) [Gln]0=1.0×10-4.  CID parameters were chosen 50 % for CID
energy and 50 % for collision gas parameter.
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Discussion
In the present study, we made an attempt to investigate

the interaction of glutathione and each of 8 common amino
acids in vitro by ESI–MS techniques, and found that glu-
tathione and the 8 typical amino acids could form stoichio-
metric non-covalent complexes.  The binding of the com-
plexes was further confirmed by CID experiments in a tan-
dem mass spectrometer as well as UV spectroscopy.  The
experimental results showed that only the complex of glu-
tathione with 1 ligand was identified.  Alternatively, glu-
tathione only provided 1 binding site for amino acids to bind.
Previous reports demonstrated that the complex of the Src
SH2 domain with its inhibitors[14] can form 2 or more binding
sites.  Compared to the macromolecules of the Src SH2
domain, we think the relatively small size may limit the bind-
ing site number offered by glutathione.

Despite the non-covalent binding of glutathione to amino
acids, the biological active site thiol in Cys of glutathione (γ-
Glu–Cys–Gly) has not been affected yet, that is, the com-
plexes can still retain their reducing ability to cope with the
oxidation challenge in living system.  This is primarily be-
cause no oxidation-reduction reaction occurred in the for-
mation process of the non-convalent complexes.  These com-
plexes may influence their pharmacokinetics in blood to some
extent.

In general, the dissociation constants determined by ESI–
MS are valid, principally for the gas phase.  It is better to
investigate these equilibria additionally with other solution-
based techniques, such as potentiometric titrations, nuclear
magnetic resonance, or UV-vis spectrophotometry.  When
applying ESI–MS to measure the dissociation constants of
complexes in solutions, some critical issues must be
considered.  For example, the correlation between the ioniza-
tion efficiencies of different species needs to be evaluated
(Figure 5).  Amino acids, such as His and Glu shared similar
ionization efficiencies in a wide concentration range.
However, with the increasing of the concentrations, the ion-
ization efficiency of GSH became lower than those of amino

acids.  Therefore, appropriate concentrations should be cho-
sen for ESI–MS measurements.

Under some circumstances, there are complexes formed
in solutions that are not stable during ESI or that show low
gas phase stability.  Once this situation really occurs, ioniza-
tion efficiency of the complex will be influenced.  If more
serious, even the signal of the complexes can not be identified,
so it is better to evaluate ionization efficiency of complex
simultaneously.  However, for the GSH complex in this work,
its yield is comparatively lower, the formation mechanism as
well as the participating atom is unknown, so it is difficult to
evaluate the ionization efficiency of the complex directly.

To establish the calculation formula for the dissociation
constants of non-convalent complexes, we quantitatively
evaluated the interactions of Glu with glutathione.
Consequently, distinct ionization efficiency discrepancy and
signal suppression effect were avoided in our ESI–MS
measurements.  Our formula indicated that if the initial con-
centrations of glutathione and amino acids had been known,
the dissociation constants can be obtained directly accord-
ing to the peak intensities data offered by ESI–MS instead
of curve fitting.  It should be noted that our calculation for-
mula can be also applied to other non-covalent complex sys-
tems containing oligomeric species.

The formation of the non-covalent complexes was con-
firmed by CID experiments (Figure 6).  As the stability of the
non-covalent bonds was much weaker than other covalent
ones, the dissociation of non-covalent bonds was easy in
the CID, which led to the fragment ions arising from GSH and
amino acids.  Since the His or Gln-bound fragment ions have
not been identified, the binding site information cannot be
provided directly.  More work, such as Fourier transform ion
cyclotron mass spectrometry[15] needs to be done to provide
more structural information.  In any case, based on the dis-
cussion mentioned earlier, the possible mechanism of glu-
tathione binding to amino acids can still be proposed.  First,
the amino acids may approach the thiol (–SH) group of Cys
or N-terminal amino group of Glu residue in glutathione

Table 4.  Comparison of Kd,1 values obtained from the methods of this study and the non-linear regression curve-fitting.

Polypeptide Ligand Kd,1 (mol·L-1 )a RSD(%) Kd,1(mol·L-1 )b    R2

Glutathione Gln 1.83×10-2 4.37 2.05×10-2 0.942
Glutathione His 2.65×10-3 4.98 2.69×10-3 0.997
Glutathione Glu 2.68×10-2 6.34 2.93×10-2 0.946

a The Kd,1 values obtained from the system of one ligand binding to glutathione.
b The Kd,1 values obtained from non-linear regression curve-fitting.
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through electrostatic attraction force; second, the hydrogen
bond action between the amino acids and 1 group of glu-
tathione would lead to the formation of the non-convalent
complexes.  The group of glutathione binding to the amino
acid could be either thiol group of Cys or the amino group of
Glu residue.  The formation of the hydrogen bond between
amino acids and proteins, such as cytochrome c was also
found in other previous work[11].

In conclusion, the successful identification of ion peaks
for the complexes of glutathione with each of the 8 common
amino acids by ESI–MS in vitro revealed that glutathione
could non-covalently bind to amino acids in human blood.
The binding of the complexes was further confirmed by CID
experiments in a tandem mass spectrometer as well as UV
spectroscopy.  In 1 ligand system, the dissociation constants
for the complexes of glutathione with Glu, Gln, and His were
quantitatively determined by an improved calculation
formula.  Based on our investigation, it can be inferred that
the amino acids or glutathione may non-covalently bind to
other biomolecules, such as proteins or oligonucleotides in
the living system, respectively.
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